Craving phenomena are related to induction of substance-seeking behaviour by stimuli associated with the availability of the drug. We investigated the changes in monoamine metabolism in regions of the brains of rats that, following a period of training of cocaine self-administration, were either killed 2 h after the last session or underwent extinction trials, during which cocaine was withdrawn. During the training, acoustic and visual stimuli announced the availability of cocaine. After 10 d of daily extinction trials, rats were re-introduced into the cage, and a signal associated with cocaine availability was applied to half of the animals. The rats were immediately killed and concentrations of dopamine and serotonin and their metabolites in various brain areas, and the concentration of noradrenaline and MHPG in the brainstem were assessed to calculate their metabolism rate indices. In rats self-administering cocaine, the levels of metabolites of all three amines were depressed, indicating a depression of the activity of monoaminergic systems. In the period of extinction, the dopamine levels in the nucleus accumbens and striatum and the level of the noradrenaline metabolite, MHPG, in the brainstem were reduced, suggesting a longlasting disturbance of the catecholaminergic system, while serotonin levels and metabolism returned to normal values. The presence of the signal associated with previous cocaine availability, which invariably caused the reinstatement of cocaine-seeking behaviour annulled the changes observed in the group receiving no stimulus, bringing the concentration values of dopamine, and dopamine and noradrenaline metabolites to yoked-saline control rats. The results suggest that the stabilized self-administration of cocaine depresses the activity of all biogenic amine systems, and the changes in serotonin system are reversible, in contrast to those observed in catecholaminergic systems, which show the signs of a longlasting impairment. The stimulus associated with cocaine availability activates the catecholaminergic system in animals after extinction procedure.
Introduction
Cocaine, a potent inhibitor of monoamine transporters (Woolverton and Johnson, 1992) , belongs to the most powerful addictive substances in humans and its abuse has a high risk of relapse (Carroll et al., 1994 ; Gawin, 1991) . It has been early reported that even a single cocaine injection produced profound and persistent neurochemical changes (Guan et al., 1985 ; Peris and Zahniser, 1987) . Long-lasting changes have also been observed after withdrawal from chronic administration of cocaine (Fleckenstein et al., 1996 ; Kuhar and Pilotte, 1996) . It is very probable that at least some of those changes are related to the phenomenon of reinstatement, the most troublesome aspect of addiction from the clinical and social point of view.
Effective combat with relapses requires understanding of the molecular processes that lead to compulsive use of an addictive agent (Kopnisky and Hyman, 2002 ; Kosten, 2002) . The factors responsible for relapses to cocaine abuse are not completely understood, however, in cocaine addicts exposure to the drug-associated stimuli (e.g. drug paraphernalia, drug-taking environment) or to the drug itself elicits intense craving and increases the probability of relapse after prolonged abstinence or even detoxification (Robinson and Berridge, 1993) . The conscious desire to take drugs (craving) is regarded as a main cause of relapse (Koob and LeMoal, 2001) . Although this view has sometimes been questioned (Miller and Gold, 1994) , a lot of effort has been made to reduce the subjective effects of craving in cocaine addicts (for review see Vetulani, 2001 ). However, owing to our poor understanding of neurobiological mechanisms involved in these phenomena, the efficacy of these medications is generally low.
As the basic mechanisms underlying addiction are similar in animals and humans, the animal models may be used for studying the mechanisms of substance abuse disease (Markou et al., 1993 ; Ranaldi and Roberts, 1996 ; Stolerman, 1992) . The animal model that seems to be the most adequate for studying the craving and relapse phenomena is an extinction/ reinstatement task in self-administration procedures. In this procedure, the animals learn to self-administer the solution of a drug (cocaine in our experiments) by pressing the ' active' lever installed in the experimental cage. Cocaine self-administration serves as a reward, but the response may be strengthened by pairing it with a conditioned stimulus (light+tone). If after establishment of a stable response rate, the solution of a drug is substituted by saline, the responding rate diminishes and the animal enters the extinction phase. Administration of a priming dose of cocaine during this phase results in reinstatement, expressed as the resumption of pressing the active lever. Moreover, the presentation of the conditioned stimulus alone is sufficient to cause reinstatement of drug-seeking behaviour measured as an increase in the number of lever pressings in the absence of cocaine (Cervo et al., 2003 ; Stewart et al., 1984) .
It is generally accepted that the neurochemical mechanism of cocaine dependence is related to cocaine-induced enhancement of dopamine (DA), serotonin (5-HT), and norepinephrine neurotransmission due to inhibition of their respective reuptake transporters (Di Chiara and Imperato, 1988 ; Koe, 1976) . Knowledge of the neurotransmitter systems and brain anatomical substrates underlying the craving and drug-associated stimulus-related reinstatement of cocaine-seeking behaviour is still limited and previous studies have not investigated systemically the role of monoamines and their metabolites in these phenomena. Here, we investigated the changes in metabolism of biogenic amines in several brain regions during reinstatement induced only by the conditioned stimulus. We compared the levels of monoamines and their metabolites in the brain structures of rats taking cocaine (paired with conditioned stimulus) in the stabilized self-administration paradigm and in rats withdrawn from cocaine after extinction trials, exposed or not exposed to the conditioned stimulus. The neurochemical studies were carried out in those brain structures that are believed to be involved in cocaine withdrawal and relapse in animals (Di Ciano and Everitt, 2004 ; Dworkin and Smith, 1992) , and humans (Breiter et al., 1997) . These structures contain predominantly either cell bodies or terminals of the above-mentioned monoaminergic neurons. The investigation of the metabolism of neurotransmitters, based on the assessment of the ratio of neurotransmitters and their metabolites, gives an insight into the activity of the investigated systems and may serve in recognizing the transient and sustained alteration of their functions (Antkiewicz-Michaluk et al., 2001) .
The present results demonstrated that chronically self-administered cocaine significantly depressed the metabolism of three investigated neurotransmitters in all tested brain structures. During the withdrawal period, the impairment of the catecholaminergic system was maintained, while 5-HT metabolism was normalized. The most interesting finding was that the conditioned stimulus paired with cocaine selfadministration, in addition to reinstatement of the self-stimulation behaviour, caused the normalization to control values of the DA and noradrenaline (NA) metabolism suppressed during cocaine withdrawal.
Materials and methods

Animals
Male Wistar rats (Institute of Pharmacology, Polish Academy of Sciences, Krakó w, Poland) weighing 250-280 g at the beginning of the experiment were used. The rats were housed individually in a colony room maintained at 21¡2 xC and at 40-50 % humidity under a 12 h light-dark cycle (lights on at 06 : 00 hours) and had free access to tap water and rodent chow. After a week's quarantine, the animals were deprived of water for 18 h, then trained to press a lever daily for 2 h for water reinforcement on a fixed ratio (FR) 1 schedule of reinforcement. On the third day of training, the number of responses required to produce reinforcement was increased to a final value of 5 (a 5-response FR schedule of reinforcement). During this phase of training, the amount of water each animal received was restricted to the volume given during the daily training sessions and after sessions for 10 min.
All experiments were conducted during the light phase of the light-dark cycle (between 07 : 00 and 15 : 00 hours) and were carried out in accordance with the ' National Institutes of Health Guidelines for the Care and Use of Laboratory Animals'. Approval was granted by the Bioethics Commission, complying with Polish law (of 21 August 1997).
Behavioural experiments
Drugs
Cocaine hydrochloride (Merck, Darmstadt, Germany) was dissolved in sterile 0.9 % NaCl. Injection speed was adjusted according to the weight of each rat in order to provide an injection of 0.5 mg/kg in a volume of 0.05 ml over a 5-s period.
Surgery
Two days following lever-pressing training and free access to water, the rats were anaesthetized with ketamine HCl (75 mg/kg Bioketan ; Biowet, Pulawy, Poland) and xylazine (5 mg/kg Sedazin ; Biowet) and chronically implanted with a silastic catheter in the external jugular vein, as described previously by McFarland and Kalivas (2001) . For catheter implantation, a guide cannula (C313G ; Plastics One Inc., Wallingford, CT, USA), was attached to microrenathane tubing (MRE-040 ; Sandown Chemicals Ltd, Hampton, UK) and polypropylene mesh (Bard Mesh ; Davol Inc., Cranston, RI, USA) by dental cement ; then, it was inserted under the skin between the shoulder blades and exited the skin via a dermal biopsy hole (3 mm) . The other end of the tubing was threaded under the skin, inserted 3 cm into the right jugular vein, and then sutured securely to the underlying muscles. Catheters were flushed every day with 0.1 ml of saline solution containing heparin (70 U/ml) and 0.1 ml of cephazolin solution (10 mg/ml ; Biochemie GmbH, Kundl, Austria). Catheter patency was tested periodically, or whenever an animal displayed behaviour outside baseline parameters, with the ultrashort-acting barbiturate anaesthetic methohexital (10 mg/kg i.v.) resulting in loss of consciousness within 5 s.
Apparatus
Cocaine self-administration experiments were conducted in 12 standard operant chambers (MedAssociates, St Albans, VT, USA). Each chamber was equipped with a 24-V house light, located on the ceiling, two retractable levers on one wall, a water-filled dispenser mounted equidistantly between the levers, a white circular stimulus light which was a 24-V bulb above each lever and a tone generator. Pressing one of the levers (defined as ' active') resulted in drug delivery to the animal when schedule (FR 5) requirements were met, whereas pressing the other lever (defined as 'inactive ') were recorded but not reinforced. Completion of each FR 5 produced intravenous infusions of cocaine through a liquid swivel (Instech, Plymouth Meeting, PA, USA) via an infusion pump (Model 3.33 RPM, MedAssociates). The position of the ' active' and ' inactive ' levers remained unchanged throughout the study. A house light was on during the experimental sessions. The operant chambers were enclosed in the ventilated, sound-attenuating cubicles (MedAssociates) and controlled by an IBM compatible computer using the MedAssociates MED-PC software package.
Experimental procedures
All animals were trained for self-administration of cocaine. The first group was trained until the stabilized self-administration was achieved (stabilized self-administration group). The second group, after development of stabilized self-administration underwent extinction procedure (extinction group). The third group consisted of rats challenged with cocainerelated conditional stimulus after the extinction phase (cue-induced reinstatement group). Rats of each group were killed immediately after the last test and used for biochemical analysis.
Self-administration
Rats were allowed 10 d for recovery before the start of the experiments. Initially, all animals deprived of water for 18 h were trained in one 2-h session to press the lever on an FR 5 schedule for water reinforcement. Then, subjects began lever pressing for cocaine reinforcement and from that time they were given water ad libitum throughout the remaining period of the experiment. Rats were given access to cocaine during daily 2-h sessions performed 6 d/wk (maintenance). Each completion of an FR 5 schedule (i.e. 5 lever presses on the 'active ' lever) resulted in an infusion of cocaine (0.5 mg/kg over 5 s). A tone (2000 Hz ; 15 dB above ambient) and the switching-on of the stimulus light directly above the 'active ' levercocaine delivery. Following each injection, there was a 20-s time-out period during which responding was recorded but had no programmed consequences. Response on the ' inactive' lever never resulted in cocaine delivery. Each training trial lasted for 2 h or until the subject had self-administered 25 infusions of cocaine. An arbitrary acquisition criterion required that subjects' active lever presses varied by f10 % over the course of three consecutive maintenance days. During maintenance, subjects self-administered an average of 12-13 mg/kg of cocaine (i.v.) across the 2-h session.
Extinction
Rats of the extinction group, following 18 d of selfadministration (once they met the maintenance criterion), underwent 10 days of extinction trials. During extinction, the animals experienced daily 2-h training sessions ; however, active lever presses now resulted in neither the delivery of cocaine (saline was substituted for cocaine) nor the presentation of the conditioned stimulus. Rats remained in extinction until responding on the active lever fell to <10 % of the level achieved during maintenance.
Cue-induced reinstatement
Rats of this group, after extinction, were tested for conditioned stimulus-induced reinstatement. During the reinstatement test (2-h session), active lever presses on the FR 5 schedule resulted only in the delivery of the tone and illumination with the stimulus light directly above the correct lever (i.e. the conditioned stimulus) presented concurrently with a injection of intravenous saline and not cocaine.
Yoked self-administration procedure
Rats were tested simultaneously in groups of two, with one rat serving as a yoked control that received an injection of saline which was not contingent on responding each time a response-contingent injection of 0.5 mg/kg of cocaine was self-administered by the paired rat. Unlike self-administering rats, lever pressing by the yoked rats were recorded but had no programmed consequences.
Data analysis
The number of responses on the active and inactive lever (maintenance, extinction and reinstatement) and the number of infusions (maintenance) were analysed using a two-way analysis of variance (ANOVA) for repeated measures. Post-hoc Dunnett's test was performed to locate differences between group means.
The criterion for statistically significant differences was set at p<0.05.
Biochemical experiments
Rats from each of the three groups were decapitated immediately following removal from the test cage following completion of the last test. Their brains were rapidly removed on an ice-chilled glass plate and the appropriate brain structures were removed in anatomical limits using a visually guided procedure. The dissection of the brain was carried out as follows : the excised brain was placed upside down and cut into three pieces in the coronal plane using the hypothalamus as the point of reference. The first cut was made at the level of the rostral, and the second at the caudal border of the hypothalamus. From the frontal piece of the brain, the nucleus accumbens (NAcc) was removed in its natural limits. After that the first and second pieces were turned dorsal side up, and the striatum was excised from them in anatomical borders, after a shallow cut in the sagittal plane and pushing the cortices aside. After removing subcortical structures from the forepart of the brain, the rest constituted the frontal cortex. From the third piece of the brain (midbrain), the substantia nigra (SN) and ventral tegmental area (VTA) were removed under visual guidance. The part remaining after removal of the cerebellum, pons and medulla was the brainstem.
The following structures were taken : frontal cortex (FC), NAcc, striatum, SN, VTA, and brainstem, and stored in dry ice (x70 xC) until used for biochemical assays.
The content of DA and its metabolites, homovanillic acid (HVA), 3,4-dihydroxyphenylacetic acid (DOPAC), and 3-methoxytyramine (3-MT), and 5-HT and its metabolite, 5-hydroxyindoleacetic acid (5-HIAA) were assayed by means of high-performance liquid chromatography (HPLC) with electrochemical detection. The tissue samples were weighed and homogenized in ice-cold 0.1 M trichloroacetic acid containing 0.05 mM ascorbic acid. After centrifugation (10 000 g, 5 min), the supernatants were filtered through RC 58 0.2 mM cellulose membranes (Bioanalytical Systems, West Lafayette, IN, USA). The chromatograph (Hewlett-Packard 1050) was equipped with C18 columns. The mobile phase consisted of 0.05 M citrate-phosphate buffer (pH 3.5), 0.1 mM EDTA, 1 mM sodium octyl sulphonate and 3.5 % methanol. The flow rate was maintained at 0.8 ml/min. Biogenic amines and their metabolites were quantified by peak height comparisons with standards run on the day of analysis. The levels of NA and its metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG) were assayed similarly, but only in the brainstem, as the levels of MHPG in other investigated brain regions were close to the detection limit.
Data analysis
The results were analysed by means of one-way ANOVA followed, when appropriate, with Fisher's Least Significant Difference test (LSD). The total catabolism rate for DA was assessed from the ratio of the final DA metabolite, HVA to DA concentration and expressed as the catabolism rate index ([HVA]/ [DA])r100. The indices were calculated using concentrations from individual tissue samples (n=6-8).
The catabolism rate for NA and 5-HT was calculated in analogous way, using ( 
Results
Behavioural experiments
Animals in the three experimental groups showed stable response rates during the last six self-administration days with <10 % variation in daily cocaine intake. The mean cocaine intake values (¡S.E.M.) in groups 1, 2 and 3 were 25.8¡4.0, 23.6¡2.2 and 24.3¡4.3 infusions/d respectively. Rats responded significantly more frequently on the active lever than on the inactive lever (p<0.05), independently of selfadministration test day (Figure 1 ).
Extinction phase, lasted 10 d during which neither drug nor drug-paired stimuli were available, and resulted in a gradual decrease in responding on the active lever. During the last 3 d of extinction, active lever presses did not differ by more than 10 % and resulted in a significant change (x83.7 % and x82.6 %) relative to the last day of self-administration in groups 2 and 3 respectively.
Response-contingent presentation of the light+tone stimulus complex paired previously with cocaine infusions induced reinstatement of active lever responding (Figure 1 ). The ANOVA for repeated measures of active and inactive lever presses during the last self-administration session, the last extinction day and the cue-evoked reinstatement test day indicated a significant leverrtest day interaction [F(2, 42)=14.5, p<0.05 for group 2 ; F(2, 42)=27.3, p<0.01 for group 3], and significant lever [F(1, 15)=59.3, p<0.001 for group 2 ; F(1, 15)=38.7, p<0.01 for group 3] and test day [F(2, 42)=24.7, p<0.01 for group 2 ; F(2, 42)=31.6, p<0.01 for group 3] main effects. Post-hoc comparisons revealed that rats responded less frequently on the active lever on the last day of extinction in relation to the last day of selfadministration (groups 2 and 3, p<0.01). During the cue-induced reinstatement test, rats responded more often on the active lever vs. the inactive lever (p<0.05) and vs. extinction (p<0.05). The responses on the inactive lever were not different across the days (p>0.05).
Biochemical experiments
The effect of cocaine received during the stabilized self-administration on monoaminergic systems Dopamine. In rats self-administering cocaine in a stable manner, the levels of DA metabolites were depressed Noradrenaline. In the brainstem of rats selfadministering cocaine, the level of the NA metabolite, MHPG, was significantly depressed (by 24 %, p<0.05), without a change in the NA level. The depression of NA metabolism assessed from the MHPG/NA ratio did not reach the level of statistical significance (Table 2) .
Serotonin. In all investigated structures, the levels of 5-HT remained unchanged, while the metabolism of this amine was strongly inhibited, as reflected by significant decline in 5-HIAA levels by 30-40 %. The most marked effect was observed in the FC (by 42 %, p<0.01). The metabolism of 5-HT, assessed from the 5-HIAA/5-HT ratio was depressed in all structures by 30-40 % (p<0.01) ( Table 3) .
Monoamine metabolism during extinction or during reinstatement evoked by conditioned stimulus associated with cocaine self-administration Dopamine. Withdrawal from self-administered cocaine leads to an impairment of the function of the catecholaminergic system in specific brain structures, as reflected by a significant decline in DA concentration in the NAcc and striatum (by 20 %, p<0.05), but not in other investigated structures. DA metabolites, DOPAC and HVA were significantly depressed only in the striatum (by 12 % and 25 % respectively, p<0.05). Those changes were annulled by application of the conditioned stimulus associated with cocaine self-administration. Despite the decline of DA concentration in NAcc and striatum, the metabolism of DA was unchanged (Table 4) .
Noradrenaline. In rats withdrawn from cocaine, the NA level in the brainstem was unchanged, whereas the level of MHPG was dramatically diminished (by 47 %, p<0.05). Accordingly, the metabolism of NA was significantly depressed (by 45 %, p<0.01). In rats exposed to the conditioned stimulus, the level of MHPG was almost normalized, but metabolism was still significantly depressed (by 25 %, p<0.05) ( Table 5 ).
Serotonin. In contrast to the catecholaminergic systems, the levels of 5-HT and its metabolite in all investigated structures of rats withdrawn from cocaine assumed the values similar to those in yoked-saline control animals regardless of the presence or absence of the conditioned stimulus. Accordingly, the rate of 5-HT metabolism did not differ from that in naive rats (Table 6 ).
Discussion
In this study, we investigated the changes occurring in monoamine metabolism under three distinct conditions : stabilized self-administration of cocaine, prolonged withdrawal period in which extinction of selfadministration ensued, and reinstatement induced by conditioned stimulus (cue). The chosen methodology consisted of assessment of concentration of amines and metabolites in tissues and calculation of the ratios of an amine to its metabolites. This is one of the used methodologies (e.g. Antkiewicz-Michaluk et al., 2001 ; Co et al., 1982) . Other methodological approaches were also used by several authors to investigate monoamine involvement in certain behavioural phenomena. They included testing of the monoamine concentrations in dialysates collected during the experiment (Joseph et al., 2003 ; Sharp et al., 1987) or investigation of radioactive amines and metabolites after pulse injection of the labelled precursor (pulselabelling procedure) (Smith et al., 2003) . The results of those three approaches are often discrepant, but this is by no means surprising, as the methods address different aspects of monoamine metabolism. The pulse-labelling procedure (Smith et al., 2003) measures, in fact, the synthesis rate, which may not reflect the actual release of a neurotransmitter. In the case of cocaine, its effects are difficult to interpret, as cocaine activates cerebral tyrosine hydroxylase (Masserano et al., 1996 ; Todtenkopf et al., 2000 ; Vrana et al., 1993) . Dialysis is regarded as the best method for assessment of the concentration of neurotransmitters in the synaptic cleft, but it is not very suitable for analysis of changes in neurotransmitter metabolism. Moreover, it is difficult to investigate several brain structures in a single experiment using this methodology. The investigation of neurotransmitter metabolism calculated from the results of neurochemical analysis gives a better insight into neuronal activity, and permits the comparison of changes in several brain structures in the same animal. The previous studies on the involvement of biogenic amines in cocaine addiction have shown the contribution of DA and 5-HT to the maintenance of cocaine self-administration, extinction and/or reinstatement of drug-seeking behaviour. DA was the amine investigated the most extensively, possibly because of its assumed role as the main neurotransmitter of reward (see Di Chiara et al., 2004 ; Kiyatkin, 1995 ; Wu et al., 2001 ). Thus, during cocaine self-administration, the extracellular concentrations of DA and 5-HT in the NAcc increase (Di Ciano et al., 1995 ; Gratton and Wise, 1994 ; Kiyatkin and Stein, 1994 ; Parsons et al., 1995 Parsons et al., , 1996 Pettit and Justice, 1989) . On the contrary, during cocaine withdrawal, basal accumbal DA and 5-HT levels were diminished (Parsons et al., 1996 ; Weiss et al., 1992) . The finding that a priming injection of cocaine or other indirect or direct DA agonist evokes reinstatement indicates the role of DA neurotransmission also in relapse of drug-seeking behaviour (de Wit and Stewart, 1981 ; Wise et al., 1990) . Much less attention was The rats were killed after the test (2-h session) carried out after 10 d of extinction trials (see Methods section). Content of dopamine and its metabolites is given in ng/g of tissue. FC, Frontal cortex ; NAcc, nucleus accumbens ; SN, substantia nigra ; VTA, ventral tegmental area ; DA, dopamine ; DOPAC, 3,4-dihydropxyphenylacetic acid ; 3-MT, 3-methoxytyramine ; HVA, homovanillic acid. focused on the involvement of NA in cocaine reward. It has been reported that multiple cocaine administration depresses the responsiveness of the a 2 adrenoceptor, as measured by the decline in the growth hormone response to clonidine (Bauman et al., 2004) . Earlier, Valentino and Curtis (1991) reported the inhibition of firing of locus coeruleus neurons after longterm cocaine treatment. While catecholamines seem to be involved in cocaine addiction, the role of 5-HT seems to be limited. The 5-HT-specific drugs do not seem to have significant reinforcing efficacy (Locke et al., 1996 ; Roberts et al., 1999) , and although under some conditions, e.g. in DA transporter knockout mice, 5-HT activation may lead to an elevation of DA in the NAcc, this mechanism is not operative in wild-type animals, and apparently 5-HT plays a different role in animals with normal and reduced DA transporter function (Mateo et al., 2004) . The clinical findings indicating inefficiency of serotonergic manipulation in combating cocaine dependence (Lima et al., 2003) also suggest a limited involvement of 5-HT in the phenomenon of cocaine dependence. Those findings agree well with the present results, showing that although 5-HT metabolism is inhibited in the presence of cocaine, in contrast to alterations in catecholaminergic system, the change is transient.
While numerous studies were conducted on animals during the self-administration phase, only a few were carried out during reinstatement. Moreover, in most cases, the reinstatement was induced not by a conditioned stimulus but by a priming dose of cocaine. Neisewander et al. (1996) , using microdialysis methodology, carried out a biochemical investigation on the effect of a conditioned stimulus, but only to compare the DA release in the period of application of the conditioned stimulus with the effect of subsequent cocaine priming. Our present results demonstrate that the metabolism of biogenic amines was differently affected in various phases of cocaine addiction : selfadministration, extinction, and reinstatement.
Stabilized self-administration
During the established self-administration of cocaine, i.e. when cocaine is present in the brain, the metabolism of all monoamines was inhibited, although various systems were differently affected. The most responsive was the serotonergic system, as 5-HT metabolism was inhibited in all investigated structures, as reflected by a marked decline of 5-HIAA level, and, consequently, the 5-HIAA/5-HT ratio.
The changes in the dopaminergic system were different. First, DA level was significantly depressed only in the FC, the structure regarded as the central executive for brain functions (Goldman-Rakic, 1996) . This may reflect the findings that taking cocaine affects higher cognitive functions. While DA levels were not depressed significantly in other structures, levels of its metabolites (either DOPAC or HVA or both) were always suppressed, with the exception of VTA, where the decline of neither metabolite reached the level of statistical significance. Notwithstanding, the HVA/ DA ratio was significantly depressed. Thus, DA metabolism was significantly depressed in both structures containing DA cell bodies. In the dopaminergic nerve ending-containing structures, the significant inhibition of DA metabolism was observed only in the NAcc, the structure regarded to be highly involved in DA reward.
The noradrenergic system of the brainstem responded to the presence of cocaine similarly to the serotonergic system, by depression of the level of the metabolite MHPG, without depression of the NA level.
The functional significance of the observed depression of the level of monoamine metabolites requires some discussion. The determination of changes in metabolism rate yields information about efficiency of the neurotransmitter system. Depending on the state of receptor and the rate of synthesis of a neurotransmitter, the changes in metabolite levels in the same direction may have different consequences. Activation of a receptor (e.g. DA receptor by cocaine during the stabilized self-administration) would result in a feedback inhibition of neurotransmitter release (owing to activation of autoreceptors) and, consequently, the depression of neurotransmitter metabolites without significant changes in neurotransmitter concentration in the neuron. This is reflected by a decrease in the neurotransmitter metabolism index (e.g.
[HVA]/[DA]), as observed in this experiment. As the stimulation is indirect, through inhibition of neurotransmitter reuptake, the interaction between the neurotransmitter and receptor is enhanced rather than depressed. Thus, the most plausible interpretation of our findings is that the observed depression of metabolism of monoaminergic transmitters in various brain structures in the presence of cocaine reflects the enhanced stimulation of monoamine autoreceptors. Basically, the observed results agree with those concerning a chronic passive administration of cocaine, shown to lead to a depression of monoamine metabolism (Karoum et al., 1990 ; Trulson and Ulissey, 1987) .
Extinction
During extinction trials, no cocaine is present in the brain, but the consequences of its former presence may persist for a long time (Fleckenstein et al., 1996 ; Guan , 1985 ; Kuhar and Pilotte, 1996 ; Peris and Zahniser, 1987) . Those consequences are responsible for behavioural disturbances specific for this period (e.g. craving), and we aimed at finding their neurochemical correlates.
The observed changes in the metabolism of neurotransmitters are different for each neurotransmitter. While 5-HT metabolism returned to physiological values in all investigated structures, the changes in the dopaminergic and noradrenergic systems were persistent.
The most pronounced changes were observed in the noradrenergic system. Unfortunately, due to methodological reasons (very low levels of MHPG in the more frontal cortical structures), studies were carried out only in the brainstem, containing the main group of noradrenergic cell bodies, i.e. locus coeruleus. In this structure, the level of the main NA metabolite, MHPG, was significantly reduced. The concentration of NA was only insignificantly depressed. This suggests that the release mechanism in noradrenergic neurons was inhibited during cocaine withdrawal. The results are in accordance with the observation of McDougle et al. (1994) , who reported that in humans discontinuation of cocaine led to dysregulation of noradrenergic function, as reflected by responses to yohimbine. However, in humans the effects rapidly declined with time.
DA concentration was significantly depressed in the subcortical structures containing DA nerve endings, i.e. in the NAcc and striatum that are regarded as related to the brain reward system. Interestingly, the DA level in the FC, that was depressed during stabilized cocaine self-administration, returned to normal values. In spite of depression of DA concentration, its metabolic rate remained unchanged, and this suggests that the synthesis of DA was impaired. As the cocaine-induced changes in the areas containing dopaminergic cell bodies return to the control values during withdrawal, it might be inferred that the persistent changes are related to a decrease in DA synthesis and release from the nerve endings. This corresponds well with numerous reports indicating an impairment of dopaminergic transmission during extinction in chronic cocaine users (Neisewander et al., 1996 ; Strickland et al., 1998) .
Generally, the results suggest that a persistent functional impairment occurs in some catecholaminergic structures, while serotonergic neurons recover during extinction trials. The noradrenergic neurons in the brainstem were persistently inhibited, while the pattern of changes in the dopaminergic system indicates a specific impairment in limbic structures, while the activity of cortical dopaminergic neurons remained unchanged. The biochemical consequences of cocaine withdrawal after its dosing in the selfadministration paradigm are basically similar to those observed during withdrawal from cocaine administered passively (Karoum et al., 1990 ; Trulson and Ulissey, 1987) Cue-induced reinstatement
The present results indicate that the reinstatement of lever pressing induced by conditioned stimulus associated with drug taking in a cocaine-experienced individual is associated with evident changes in catecholamine metabolism. Those changes lead to activation of catecholamine systems to the level observed in cocaine-naive animals. Although it might be argued that the change in monoamine metabolism is due to the increased physical activity rather than to psychological response to the cue, it should be remembered that the increased activity was released by the cue. The issue whether the changes in monoamine metabolism are related directly or indirectly to the cue cannot be resolved in this experimental set-up.
In several reports, the relapse to drug use was easily induced by a conditioned stimulus associated with drug use (Cervo et al., 2003 ; de Wit and Stewart , 1981 ; Fuchs et al., 2003 ; Stewart et al., 1984) . In our experiment, the acoustic and visual stimulus, associated previously with availability of cocaine for selfadministration, applied during the last extinction trial caused reinstatement of self-administration much more strongly than simple placement of the animal into the experimental cage. Interestingly, the exposure of the rat to conditioned stimulus reverses the changes in already impaired DA metabolism to control values. This indicates that the changes in DA metabolism caused by withdrawal from cocaine, albeit long-lasting are still reversible. In contrast to DA, the conditioned stimulus associated with cocaine self-administration does not completely normalize NA metabolism, although the NA level returns to normal, the metabolism rate is still significantly inhibited.
The conditioned stimulus did not affect the 5-HT metabolism, already normalized during withdrawal.
Recently, Robinson and Berridge (1993) proposed that natural incentives as well as drugs of abuse invoked two separate processes of wanting and liking, and the first one was dependent on monoamines and prone to sensitization. According to this concept, a conditioned stimulus that announces the reward activates dopaminergic systems. This view is compatible with our findings indicating that the presence of the conditioned stimulus activated dopaminergic activity in the structures related to the brain reward system. Finally, the results support a role of DA neurotransmission in cue-induced cocaineseeking behaviour Weiss et al., 2001) .
Summing up, our results indicate that chronic cocaine self-administration, similarly to passive administration suppresses the metabolism -both synthesis and release -of monoamines in several brain structures, more strongly in those containing nerve endings. The changes in catecholamine metabolism persist for a considerable period after cessation of cocaine self-administration. This persistence suggests that cocaine self-administration leads to a long-lasting functional impairment of DA and NA neurons. In contrast, the changes in the serotonergic system are transient suggesting the lack of involvement of 5-HT in longterm consequences of exposure to cocaine. Exposure to conditioned stimulus associated with cocaine availability not only reinstates the seeking behaviour, but also activates DA metabolism. In subcortical structures, related to reward, the reinstatement brings DA to the level characteristic of yoked-saline control rats. The relative activation of the dopaminergic system already suppressed by withdrawal may trigger cocaine-seeking behaviour, reflected by reinstatement of active lever pressing. The changes in the noradrenergic system are essentially parallel to those observed in dopaminergic nerve terminals during the self-administration and extinction phases, but the conditioned rewarding stimulus activates it only partially, and is unable to bring it up to the control level.
